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SUDDMARY

This investigation was carried out at the Bureau of
Standards at the request of and with the financial assist-
ance of the National Advisory Committee for Aero-
nautics. The paper gires some gquantitatire measure-
ments of wind tunnel turbulence and its effect on the air
resistance of spheres and airship models, measuremenis
made possible by the hot wire anemometer and associated
apparatug dereloped at the Bureau of Standards.
apparatus in its original form wae described in Technical
Report No. 820 and some modifications are presented in
an appendiz to the present paper.

One important result of the present work i8 a curre by
means of whick measurements of the air resistance of
spheres can be inferpreted to give the turbulence quanii-
tatively. Another is the definite proof that the discrep-
ancies in the results on the N. P. L. standard airship
models are due mainly to differences in the turbulence of
the wind tunnels in which the tesis were made.

An attempt 18 made to interpret the obserred results in
terms of the boundary layer theory and for this purpose a
brief account is given of the physical bases of this theory
and of conceptions that hare been obiained by analogy
with the laws of flow in pipes.

INTRODUCTION

Early in the history of wind tunnel measurements it
became apparent that there were large discrepancies in
results obtained in different laboratories on some
models. With improvements in technique, some of
the discrepancies were removed or explained but there
has always been a demand on the part of the designers
of aircraft that wind tunnels be standardized. It was
supposed that by a series of comparative tests, some
correction factor could be determined by means of
which measurements in a given wind tunnel could be
reduced to some standard.

In March 1920, the British Aeronautical Research
Committee instituted a series of comparative tests to
be conducted in as many as possible of the aerody-
namic laboratories of the world. The purpose of the
tests was stated in reference 1 as follows:

“TIt was thought that such tests, in which the same
models would be tested successively by all laboratories,
would supply valuable information which had not
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previously been available. The aim of wind tunnel
experimental work is to obtain reliable estimates of the
foreces which would be experienced by bodies moving at
specified speeds through still air of infinite extent; but
in practice it is necessary to hold the model stationary
and to generate a flow of air past it and measurements
made in this way are in some degree open to question
in that the forces imposed upon the model may be
affected (1} by the limited extent of the air stream in
which they are placed and (2) by the turbulence which
can never be entirely eliminated. The results must
furthermore depend to some extent upon the methods
adopted for connecting the models to the measuring
apparatus. Different methods are adopted in differ-
ent countries, and wind tunnels of varying size and
design are employed; thus there is some uncertainty as
to the extent to which a comparison can be made—
e. g. between different airfoils tested in different coun-

tries—and this uncertainty, it was thought, would be

reduced if comparative figures were available from
tests upon the same models.” :

The tests are sfill in progress. They comprise the
determination of lift, drag, and center of pressure for
a standard airfoil model at various angles of attack
and measurements of the resistance of two streamline
models at zero angle of yaw. A report (reference 2)
has been published on the tests of the airfoil model
carried out in several American laboratories. The
maximum deviations of the results from the mean
values are of the order of 3 to 5 per cent and if is con-
cluded that the agreement obtained in tests on airfoils
depends almost entirely on the care used in making
the tests.

No report has yet been published on tests of the
airship models but it is known (reference 3) that
maximum deviations from the mean are of the order
of 50 per cent and that the differences are probably
ascribable largely to the differences in turbulence
between the several wind tunnels. It was rather unfor-
tunate that spheres were not included in the program
of international tests, because spheres are also very
sensitive to turbulence.

Most experiments on the effect of turbulence in
wind tunnel experiments have been qualitative in
character and in fact in the case of the airship models
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the observed effects have been attributed to turbulence
on the basis of a process of elimination rather than on
direct experiment. With the development of appa-
ratus at the Bureau of Standards for the quantitative
measurement of turbulence (reference 4), it became
possible fo study quanti tatively the effect of tur-
bulence on the drag coefficient of models. This work
was carried out at the Bureau of Standards with the
cooperation and finencial assistance of the National
Advisory Committee for Aeronautics.

BOUNDARY-LAYER THEORY

The discussion of the experiments described in this
paper will be phrased in the language of the boundary-
layer theory of Prandtl (reference 5) and as there is no
one article to which the reader may be referred for the
necessary information, it is desirable to state briefly
the elements of this theory. It is well known that in
the greater part of the field of flow about any object
at the Reynolds Numbers encountered in wind tunnel
experiments or at greater Reynolds Numbers, the flow

is approximately irrotational in character, and the -

dissipation of energy is negligible. The experimentally
observed fact is that so long as we do not enter the
eddying wake behind the body, the pressure on the open
end of a tube placed parallel to the flow (which is a
measure of the total energy per unit volume) remains
constant throughout the field. The wake, extending
downstream from the body, in many cases has & cross
section equal to or slightly greater than the cross section
of the bady at the beginning and increases downstresem,
but in other cases (airship hulls or finely tapered struts)
the wake is very small. Af least over the upstream
part of the body, the total-head tube may be brought
exceedingly close to the surface without observing any
change in its indication. The speed at the surface is
known to be zerc from the experiments of Stanton
and his coworkers (reference 6), yet not far away
from the surface, the speed is ohserved to be relatively
high. These experiments indicate that the effect of
viscosity (at least over the upstream parts of bodies)
is confined to a very thin layer. Prandtl’s introduc-
tion of this hypothesis, namely, that the field may be
divided into two regions, in one of which the effect
of viscosity is negligible led to the so-called boundary-
layer theory.

It was found by a consideration of the order of
magnitude of terms in the general equations of motion
of a viscous fluid thaf if such.a layer existed, its thick-
ness must be of the order of magnitude of the square
root of the product of kinematic viscosity and the
distance from the nose divided by the square root of
the air speed, i. e., for air, if the speed and distance
from the nose are teken as 1 ft./sec. and 1 foot, respec-
tively, of the order of 0.15 inch. The equations finally
arrived at for the steady flow of an incompressible fluid
in the boundary leyer along a 2-dimensional surface

_neglected, being of the second order.

. any numerical case.
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whose radius of curvature is large as compared with
the thickness of the layer are as follows:

du, du_ du_12p
ub_z"l'vby:'"by’ YT (1)
op _
ay—o (2)
ou , v
65-{-@:0 (3)

where u is the tangential component of the velocity, v
the normal component, z the distance measured along
the surface, ¥ the distance measured normal to the
surface, » the kinematic viscosity, and p the pressure.
As boundary conditions we have =0, »=0 at the
boundary y=0;u=U, the speed in the potential flow
at y=4§, the outer edge of the layer. Equation (1)
states that the tangential acceleration of a fluid particle
is produced by the resultant of the forces due to the
pressure and the forces due to viscosity. -The term

omitted from the general equation is » % - Equation
(8) is the equation of continuity. Equation (2) is
that: for the normal acceleration. The terms ug-:v

ov Ofv oW o . .

Vg ozt ¥ oy tbpearing in the general equations are

Equation (2}
states that the pressure does not vary across the bound-
ary layer. It is therefore the same as the pressure in
the potential flow outside the layer. Hence the pres-
sure on the surface of the body is equal to the pressure
in the potential flow at the outer edge of the layer. We
may then compute from the observed pressure distribu-
tion by means of Bernoulli’s theorem the speed at the
outer edge of the boundary layer and thus obtain all
of the data necessary for a solution of the boundary
layer equations.

The exact solution of the equations of the boundary
layer (equations 1, 2, 3} meets with great difficulties,
although by great labor a solution can be obtained in
(Reference 7.) An exact solu-
tion has been obtained by Blasius (references 8 and 9),
by means of series developments, for the case of skin
friction on a thin flat plate of infinite breadth. In

this case g‘g 18 negligible. The speed u increases

asymptotically to its limiting value U/ and hence no
exact vaelue can be assigned to the thickness of the

layer. An approximate value is 5.5 \/% The drag

coefficient, namely, the force divided by the product
of velocity pressure, ¥ p U2 and area of the plate, comes

out equal to 1.33‘/ %]: where zis the length of the plate

‘in the direction of the stream. The resistance of a

given plate therefore varies as U %,
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In the present paper we shail have little to do with | (z is the ﬂscosmy)

the exact solutions, but we shall attempt to carry the !
discussion somewhat further by the approximation
methods developed by Karman and Pohlhausen.
(References 10 and 12.) These approximations are
based on a new equation, an integral equation, obtained
as a first integral of the differential equations previously
given or derived directly from the principle of momen-

tum. Because of the importance of this equation, ;

known as the Karman integral relation, we shall repeat
its derivation.

The principle of momentum applied to steady
motion states that the integral of the flux of momentum
taken over any closed surface is equal to the resultant
of the forces acting on the surface.’ Let us apply this
principle to a section of the boundary layer (Figure 1)
of thickness § and width dz. The mass of fluid enter-
ing per second through a small element dy in the
left boundary of the section is equal to p u dy and the
momentum per second brought in is p u? dy. The

total momentum per second entering through the

3
left boundary is therefore f p ¥*dy. The momentum
[}

per second leaving through the section at the right is
s .

f p ut dy+|:él—_l; ] p U dy] dz. Some momentum
[ .

enters through the sloping upper boundary whose slope
exceeds that of the local streamline. To obtain this

i

momentum we note that the total mass per second .

&
entering at the left is f p % dy and the total mass per

3 &
second leaving at the right is f pU dy+|:d%f pu dy:l
[} o
dz. The mass per second entering through the sloping
3
upper boundary is therefore I:d%f ou dy:l dx and since
]

this mass enters with velocity U, the momentum per
second entering is

d ]
U[@L Pu dy] da.

The time rate of increase of downstream momentum
within the volume element is therefors

(4 reaa-tf 2] s

This must equal the sum of the downstream com-
ponents of all the forces acting on the surface of the

element. These are p§ on the left boundary, —[pa
+ (%_ (p8) dx:l on the right, pg—i dz on the upper sloping

dz on the lower boundary.

¥=0

boundary and —p(g—';

L A more precise statement is as follows: If any fixad closed surface be described
within & steady stream of fiuld, the time rate of Increase, within the surface, of
moxmentum in any given direction Is equal to the smn of the components In that
direction of all the forces acting on the finid, If body forces, such as weight, are

absent or negligible, as theyareIn the present Instance, the only forces to be consid- |,

ered are those acting at the sarface, viz, normal forces due to hydrostatie pressure,
and tangentisl forces due to viscous shearing.

The total resultant force is
therefore —5—2d:c (du) dz and the principle of

momentum states

IR IO

du)
—ul 5 4
£ (dy y=0 @
pdx
Velocity U l ad
dx
4 Velocify u
1dy pé +‘%;(pijdx
g -—
—_—
pe
d=x >
¥

<———dudx

FiGTRE 1.—Forces on an element of the boundary Iayer

e now introduce a function g such that u=U—g*
We find

4 [ s war)ri m-sno ffen]
L[ v ] |

dU
—2pU6dx+ pU’—-—-2pd f gdy

—2p Ud%l:f: qdy:|+p c%:D:‘ sz’dy]

—ij(%:[f pudy:|= —oUS U9 +5 Ud—iU: qdy]

= —p U’g—i—p U'dE §+p U U g_d‘y.:l

Hencs

o[ ][ o]
+og] J, vau]

~—sZ+(3),.

* ¢ i3 the amount by which the Iongitudinal speed at any distance y from the
solld surfage Is less than the speed of the free steam outside, or the retardstfon
dae to the proximity of the surface.
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U
dx
=0, and hence the multipliers of & on the two sides are

equal. We have left, dividing by p, the Karman
integral relation,

du [ dr (s df [
1% ), v [ ]l ) o]

-’ (dy y=0 ®)

To use this equation for the development of ap-
proximate solutions, any reasonable assumption is
made as to the variation of ¢ with ¥ and the integral
relation is used to give a differential equation for the
thickness of the boundary layer. For example if we
make the rough assumption of & linear distribution,

q= U(l z)Weﬁndfgdy=—, U% (dg

2 =5
g d dy y=0
= '""50" and the equation for § is found to be

By Bernoulli’s principle, & (p+ p U’) (—1‘?+ p U=

_Ud_sU8dU_ sy
6dx 6 dz 3
or (8)
du
ds dz 12»

¥ Bl
28 dx+106 =T

The solution of this equation is readily seen to be
= 12» f [Pda (7)

and the force, F,, per unit breadth across the stream, is
given by

_ [T
F. f (dy ¥=0 - j (dy vnodz_#ﬁ 8
. Utdz
o f \/ f "I ®)
ViZp jo A z .

z . Fg
If we Beﬁj; Udz =1, the force coefficient, 0F=m—,§

is found to be

u
s Udx )

o 4T

For the case of skin friction on a flat plate, I/=con-

Or= U’:c

stant=U, Hence I=Uz
pip (10)
Cr=1. 15\/ U (11

as compared to the exact solution Cr= 1.33“ ﬁz'
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Still closer approximations may be made by assum-
ing that g=u-+by+ecy*+dy’, etc., determining the
coefficients by suitably chosen boundary conditions,

for example u= U at y=38, u=0 at y=0, g;—j=0 at y=3,

du_1 dp
dy u dx
boundary conditions are chosen to fix the coefficionts
in terms of 3. The integral relation then gives a

at y=0 from equation (1). Enough

-differential equation from which 5 may be determined

as & function of x, the distance downstream from the
nose. The reader is referred to Pohlhausen’s paper
(reference 10} for further examples.

SEPARATION

When the pressure increases downstream, an inter- '
esting result is obtained by the use of four or more

terms in the expression for ¢. It is found that d—

may vanish and the flow near the wall reverse. The
fluid particles near the wall are dragged along by the
friction of the neighboring particles but are retarded
by the pressure. As the boundary layer thickens the
retarding effect prevails and actually causes a roversed
flow. Such reversal entails separation of the flow
from the surface observed on cylinders, and on
airfoils at the burble point. The boundary layer
theory thus accounts for the breaking away of the flow
from the surface and states that the soparation is
determined by the dissipation of energy occurring in
the boundary layer.

EDDYING BOUNDARY LAYERS

The remarks made so far apply to boundary layers
in which the flow is laminar. Experiment leads us to
believe that the flow is more often eddying * as in the
case of flow in pipes and the laws of laminar motion
do not apply. The experimental results on flow in
pipes are assumed to apply to the boundary layer. A
genéral account of the phenomena in pipes which are
of interest in this conmection is given by L. Schiller.
(Reference 13.) We may distinguish two values of the
Reynolds Number (product of mean speed by the
diameter of the pipe divided by the kinematic vis-
cosity), namely & lower Reynolds Number, below
which any turbulence initially present is finally damped

1 The word turbalent fs commonly used in this connectlon. It is dewirable to
distinguish this turbulence from the terbulence encountered fn wind tunnel air
streans. The difference i3 principally in order of magnitade although the tur-
bulence in a wind-tunnel air stream #s fmposed by a honeycomb or other mesns on
the fow from without, whereas eddying flow, as we shall term It, arises rom an
fnternal instability. The distinction hers made will be appreciated by ronders who
have seen a demonstration of Reynolds original experimant with streams of color,
In eddying flow the stream of color is very rapidly diffused throughout the whole
tuba. The turbulence In wind-tunnel alr streams corresponds to & wavering or
fuctuation of the line of color, & turbulence of a different order of magnituds from
that in the eddying flow and imposed from without.

Some authors make the distinction by using™ disturbance® or “inléfal disturb-
ance’” where we use “furbulence,” and ‘turbulent” whers we use “eddying,”
but we foel that the use of the word turbulance to deseribe the departures of wind-
tunnel alr streams{rom uniformity and steadiness Is well established. Although the
use of “turbulence® in both cages does not In general cause confusion, we have
thought it preferable in the Interest of clarity to use different terms,
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out and the flow becomes laminar, and an upper Rey-
nolds Number at which laminar flow chenges to
eddying flow. The value of the low Reynolds Number
is approximately 2,000 (Schillers value is 2,320). The
value of the upper Reynolds Number depends on the
amount of initial turbulence. The turbulence may
enter the pipe in the body of the fluid or may be set up
by the form of entrance. The highest velue of the
Reynolds Number at which laminar flow has been
observed is 51,000 (Reference 14), although in most
experiments values of the order of 12,000 are the highest
observed. The results are summarized by Schiller as
follows:

““The result of the present work, in which the critical
Reynolds Number is a function of the ‘greatest’
disturbance present, gives the following picture of the
stability relations of laminar and eddying flow in
smooth tubes. To every Reynolds Number above
2,320 there corresponds a quite definite amount of
disturbance which is required to produce eddying
flow. The higher the Reynolds Number, the smaller
is the necessary disturbance. Against still smaller
disturbances, the laminar flow is stable. Below the
lower critical Reynolds Number, R =2,320, the laminar
flow is stable against any disturbance, however great.
There, no eddying state of flow is possible; vortices
present will elways disappear if given sufficient time.”

We shall assume the results obtained for pipes to
apply to the boundary layer, the thickness of the
“boundary layer” in the pipe being the radius of the
pipe, and the speed at the outer edge of the boundary
layer corresponding to the speed at the cemnter of the
pipe. Since in laminar flow in pipes the speed at the
center is twice the mean speed, the Reynolds Number
formed from thickness of boundary layer and speed
at the outer edge corresponds to the commonly used
Reynolds Number for pipes formed from diameter and
mean speed. We assume that there is a definite func-
tional relation between the Reynolds Number for
transition and the initial turbulence.?

SKIN FRICTION WITH EDDYING BOUNDARY LAYERS

The skin friction on s plate when the flow in the
boundary layer is eddying may be estimated by carry-
ing over the results of measurements of skin frietion
in pipes (References 12 and 15). Experiments on
eddying flow in pipes show that the force, F,, per
unit ares of wall is given by

Fe=0.045p5- 5 (ﬁ)

where p is the density, U the speed at the center of
the pipe, » the kinematic viscosity, and r the radius
of the pipe., It is assumed that the same equation

(12)

1 Schfller’s experiments showed that the critical Reynolds Number was elways the
game for s turbulence produced In a given menner, although the measorement of
turbulerce was not quantitative.

s
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applies to skin friction on a plate with eddying flow
in the boundary layer, if U is mterpreted as the speed
at the outer edge of the layer and r is replaced by 3,
the thickness of the boundary layer.

In eddying flow in pipes the speed, u, varies across
the cross section according to the law

weo(3)"

where y is the distance from the wall of the pipe.
This formula fits the experimental observations very
closely except very near the center of the pipe and very
near the wall. By assuming the same distribution of
speed in an eddying boundary layer, replacing r by 8,
and by using the Karman integral relation (5) together
with the vealue of F, from (12) substituted for

—n (@) which applied only to laminar flow, the
dy/s~o

thickness, §, of the boundary layer may be determined
and F, evaluated in a more useful form. We find

f'd f‘Ul ym]d—anf‘H
Jady= |, I: (g) y=gUs, | ¢y

(13)

ds , 1 dU d
=36 U"”dzf ady=g U +go g, &z 'edy
ds dU
5ot s
and the integral relation becomes .
dé 23,...dU_ U v \I#
L P-Bwd ‘0'945?(ﬁ5) (14)
The solution of this equation is
5 [usRE— 0,280 L CUEn dr (15)
For skin friction on & plate I/=constent= I/,
A
5=0.371 (ﬁ) 247 (16)
i and
175
Fu=0.0577 p 2 (Ux) (17)

It should be noted that Fy, the force per unit area, is &
function of 2. We are more interested in the average

force per unit ares, Fy, on a plate of length, /, namely
i
%J; F, dz which turns out to be

Fe=0.072 p— 5 (Ul) (18)
The force coefficient, O, is given by
F, _0.072

Cr=gtr~ R (19)
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The experiments of Wieselsberger (Cf. reference 15)
on skin friction indicate good agreement with formula
(19), except that a better value of the constant is
0.074. In the calculations made in this paper on
eddying boundary layers, we shall use the formula

0.074

Cr="pi (20)

SEPARATION WITH EDDYING BOUNDARY LAYERS

When the motion in the boundary layer becomes
eddying, the phenomenon of separation is delayed.
In eddying motion, there is'a more thorough mixing of
the air particles and the driving action of the outer
layers is greater. This delayed separation produced
by the eddying motion of the boundary layer is respon-
sible for the great variation of the drag coefficient of
spheres and cylinders in the critical region.

DEFINITION OF TURBULENCE

Before it is possible to speak of the measurement
of turbulence in wind tunnels, we must be able to give
8 precise definition. The definition adopted is as
follows: The turbulence a&: given point is taken to
be the ratio of the square®oot of the mean square of
the deviations of the speed from its mean value to the
mean value. At any point in the wind sfream, the
speed fluctuates with time about a mesn value. The
turbulence is the mean fluctuation taken in & definite
manner and expressed as a percentage of the mean
speed. A turbulence of 1 per cent means an equiva-
lent sine wave fluctuation of 1.4 per cent from the
mean value.t

The adoption of this simple scalar quantity needs
some justification since in theoretical treatments of

eddying motion it is found necessary to separate the

speed fluctuation into components. Experiment shows
that the mean speed is very nearly constant over the
greater part of the cross section of wind-tunnel air
streams. The shape of the distribution curve changes
as we go downstream only in the vicinity of the walls.
There are accordingly no forces acting between adja-
cent layers in the core of the air stream and we may
assume that the fluctuations of speed are entirely
rendom. In the neighborhood of the walls or close
behind the honeycomb, this assumption is not true
and the separate components of the velocity fluctua-
tions as well as their phase relations must be considered.
To charscterize the air stream of a wind tunnel, we
need only to consider the fluctuation of the absolute
value of the speed so long as we do not get close enough
to the honeycamb to be able to detect the honeycamb
pattern in the distribution of mean speed.

We need also to discuss the space distribution of the
turbulence for many investigators have supposed that

+ This définltion differs somewhst from that glven In Reference 4. There, the
double amplitude of the equivalent sine wave was given {. e, 2.8, Values in Refer-
ence 4 should be divided by 2.8 to be comparable with those given In the present
paper,
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some space characteristic of the turbulence was the
important factor. It has been suggested for example
that the turbulence should be characterized by the
ratio of the diameter of an average eddy to the model
diameter, a quantity related perhaps to the ratio of
the diameter of a cell of the honeycomb to the model
diameter. We find no evidence to support this idea.
Experiment shows (reference 4) that the turbulence is
very nearly constant across the cross section in the
region where the mean speed is constant. It hasfurther
been shown (reference 16) that turbulence msay be
introduced without effect so long as the turbulent air
does not reach the boundary layer at the surface of the
model. Therefore unless the space distribution of the
turbulence across the air stream is such that large
changes take place in a distance comparable with the
thickness of the boundary layer, we would not expect
the space distribution to be an important factor. We
expect the observed force to be governed by the turbu-
lence of the air entering the boundary layer. _
The square root of the mean square deviation is
chosen instead of the mean deviation for convenience,
since the final measuring instrument is a hot wire
alternating current milliammeter which gives this type

-of mean,

- DESCRIPTION OF WIND TUNNELS USED

There are three wind tunnels at the Bureau of
Standards, all of which were used in this investigation.
Sketches of the three tunnels are shown in Figure 2.
The following brief descriptions will serve fo supple-
ment the sketches. '

The 4%-foot tunnel is of the National Physical
Leboratory type, octagonal in cross scction, the 4%-
foot dimension being between opposite faces. The
faired entrance of the tunnel is about 4 feet long, the
parallel portion 25 feet long and the exit cone 15 feet
long. The diameter at the propeller end is 9 feet.
The tunnel room is 68.5 feet long, 28.3 feet wide, and
18 feet high, and is divided transversely near the exit
end of the tunnel by a wall honeycomb, consisting of
pasteboard tubes 1 inch in diameter and 4 inches long,
packed in a light framework, which is covered on both
sides by wire netting. This open honeycomb structure
serves to damp out the swirl and eddies in the air
stream as it returns from the fan to the tunnel entrance:
A speed range of 25 to 110 feet per second is attained
with the expenditure of from 2 to 75 horsepower. The
propeller is 8 feet 11 inches in diameter and is driven
at speeds from 170 to 870 revolutions per minute by a
direct current shunt-wound motor. The tunnel is of
wooden construction on a steel framework.

The 3-foot tunnel is of the Venturi type, circular in
cross section. The entrance cone is 12 feet long, the
working portion 6 feet long, and the exit cone 33 feet
long. The diameter at the end of the exit cone and al
the front of the entrance cone is 7 feet. The room is
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108.5 feet long, 21.3 feet wide and 14 feet high. The

]
]
i

honeycomb at the tunnel entrance is of one-quarter- .

inch wood, the cells being 3 by 3 by 12 incheslong. A
plaster fairingisused in the entrance cone; otherwise the
tunnel is of wooden construction throughout. The whll
honeycomb is identical in type with that of the 4%-foot
tunnel but is installed near the entrance end. Speeds

i
|
!

up to about 240 feet per second are obtained with a :
motor rated at 100 horsepower. The propeller is : The early form and theory of the apparatus are given
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current motor. The maximum speed obtained is
approximately 100 feet per second.

MEASUREMENT OF TURBULENCE

The measurement of turbulence as defined in & pre-
ceding section was made by the use of the hot wire
anemometer in conjunction with an amplifier and
apparatus for compensating for the lag of the hot wire.

Circubar saction throughouf

Circular section throughout

Feef

Scadle

WIND TUNNELS
AT THE
BUREAU OF STANDARDS
WASHINGTON, D.C.

FIGURE 2

8-bladed, and is rotated at speeds up fo 1,000 revolu- | in reference 4. Since that report was prepared, sev-

tions per minute,

The 10-foot wind tunnel is outdoors and is of wooden
construction. The cross section is circular and the
length of the tunnel properis 92 feet. A faired entrance
bell, 4 feet long, is followed by a wooden honeycomb,
cells 4 by 4 by 12 inches long. The cylindricsl section
is 50 feet long and the exit cone 34 feet long. The
diameter at the exit end is 14 feet 2 inches. The
4-bladed, 14-foot propeller is rotated at speeds up to
550 revolutions per minute by a 200 horsepower direct-

eral important modifications have been made in the
interest of convenience, portability, and saccuracy.
These modifications are treated in an appendix to this
paper, which in itself forms a supplement to reference 4.
A photograph of the amplifier and accessory apparatus
in its modified form is given in Figure 3.

The turbulence was measured at three sections of
the 4%-foot tunnel as indicated in Figure 2 and at the
working section of the 3-foot tunnel end 10-foot tunnel.
The mean values obtained are given in Table I.
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TABLE I
Turbulence
Location (per cent)

8-foot tunnel, working section_ .. ________ 0.5
10-foot tunnel, working seetion._ .o 1.0
4}4-foot tunnel, downstream section. ... __________ 1.2
4%4-foot tunnel, working seetion__._.___________________ L6
4%4-foot tunnel, upstream section___. ..o ____. 2.3

Many repeat measurements show that the precision
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We have made tests on three spheres, of diameters 4,
5, and 8.6 inches, at the five locations at which the
turbulence was measured, except that measurements
were 10t made on the large sphere in the 3-foot wind
turnel because of the large ratio of the diameter of the
sphere to the diameter of the tunnel. Sketches of the
suspensions used are given in Figure 4 and the results

of the above values is of the order of 0.1 to 0.2. Itis | of the measurements are given in Figures 5 and 6.

FiacRe 3

obvious that the effects of turbulence could be studied |

over a reasonable range of values.

MEASUREMENTS ON SPHERES

The effect of turbulence in wind-tunnel measure-
ments was first discovered for spheres and it has often
been suggested that measurements on a sphere be
used as a measure of turbulence. O. Flachsbart (refer-
ence 17) in a discussion of this proposal points out the
necessity of some standard method of suspension, if
comparable results are to be obtained. We have not
used exactly the same method of measurement through-
out our sphere tests but Flachsbart’s results for the
suspensions used in our tests show that the differences
introduced by this fact are small.

The 4-inch sphere was mounted on two wires ar-
ranged in the form of a V in a plane transverse to the
wind direction. The force was computed from the
deflection of the sphere as a pendulum and the smalil
wire corrections were determined by computation.
Some experiments were made on the 5-inch sphere in |
the 44-foot tunnel on a bell crank. Correction was
made for the motion of the scale pan and the spindle
correction was determined with the sphere mounted
in front of the spindle. We prefer as a standard
method the arrangement used for the 5-inch sphere in
the 3-foot and 10-foot tunnels and for the 8.6 sphere in
all cases, namely, a tail spindle supported by two
V’s with a shielded counterweight. In this arrange-
ment all wires are behind the sphere. The force is
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computed from the downstream deflection of the sus-

pended system. The spindle correction is determined. |

in the same manner, the sphere being detached and
supported in front of the spindle. A comparison of
- Figures 5 and 6 shows a difference in shape which we
have traced to an effect of the balance windshield.

It will be noted that the curves run from right to left
in order of increasing turbulence in accordsnce with
the interpretation of Wieselsberger’s measurements
(reference 18) of the effect of screens. To use the

Mounting used
on 4" sphere

Mounting used orr 8.6
sphere throughouf ond
ot 5" sphere in wind
tunnels 2 and 3

(£ 7 B

- Pvof

Top of tumel/
Mounting used on 5° sphere in vird furnel [

Wind shield for arm rnot shown—>

—O—

FIGURE 4—Mountings used for the measurement of the air resistance of spheres

' turbulence.
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TABLE II
Ty . S B
e e 270, 000
F S 232, 000
I S — 187, 000
P S 164, 000
P S — 132, 000

These results are plotted in Figure 7, which is a cali-
bration of the sphere as an instrument for measuring

ﬁ—-—gﬁ ﬁrwe/m*kmgsea?ofz furbdmagg
o] 4/ 7 funne/ abwnsﬁ-eam sectior, = L2%
W= /z ~  workirg sectior, ~ /6%
+———ag - - . upstream secfior, « 2.3%
Y Poirifs far 4 ixch sphere-
T e e, R iy Fave fails.
G =i N
P e e A
N ‘K‘ﬁ\‘o el
™~ "~
>\: . M.‘\, \ b‘\ kY
3 ' < w
AN s fN\o| Be X\
G Ry ] e N
\\ \.. c <,
2 N~ v Ja a
A N i i
N
-/ \*‘“p'h;q.'.‘.
(2]

50 5/ 52 53 54 55 56

"-0910_1,
FIGGRE 5—Drag coefficlents for 4 and 6 spheres. g=air density, U,=alr
speed, A=ares of cross sectlon of sphere-r—'l% Dm=diameter of sphere, re=
kinematle viscosity

The circles show the approximate limits

. of individuel values. The accuracy while not high is
_ perhaps sufficient for most purposes.

sphere as an instrument for the quantitative measure-
ment of turbulence, we must give some more precise .
definition of the critical Reynolds Number than has

hitherto been given. We suggest that the ecritical ,

Reynolds Number be defined for this purpose as the
value of the Reynolds Number at which the drag
coefficient of the sphere is 0.3. For & given condition
of turbulence the results for the different spheres give

slightly different values of the critical Reynolds Num- |
ber tracesble in part to the differences in mounting, -
but the extreme difference is only 8 per cent and the -

mean difference much less. Adopting the mean values
we obtain the values given in Table II.

O——/0 7 furinef working section, furbulernce [OZ
Ke L5 ﬁ furinel, abwn.sfream section, ~ L2%
51 Km = 4% e, working secfiort, - [L6%
H——<4 - -~ |, upsfream seciforn, +« 23%
5
£ r - ~J
-’ \ \ﬂ
e . "
L
3 b \\ .
c S NN
A \\\ n\\.\c\\
2 RN
e >
~L ] e .
i s tald *
—
055 &7 352 53,54 55 %6
' Logu™y
FI1GCRE 86.—Drag coefficlents for 8.6 sphere, p=air density, Ue.=air speed,
Am=gres of cross section of sphere-=ﬂ D=diameterof sphere, »=~kinematie

viscosity
DISCUSSION OF SPHERE MEASUREMENTS
The interpretation of the sphere measurements in

* the light of the boundary layer theory is as follows.
. At low values of the Reynolds Number of the sphere,

|
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the flow in the boundary layer is laminer and separa-
tion takes place in & manner governed by the laws of
laminar flow. As the Reynolds Number of the sphere
is increased, the Reynolds Number formed from the
thickness of the boundary layer and the speed at the
outer edge reaches the value at which eddying flow be-
gins at some point upstream from the separation point.
Separation is then delayed, the wake is smaller and the
form resistance is decreased. The skin friction is such
a small part of the total drag that the effect of the in-
creased skin friction due to the change from laminar to
eddying flow is inappreciable.

If the air stream is initially turbulent the change will
occur at a lower value of the Reynolds Number of the
boundary layer and hence the critical Reynolds Num-
ber for the sphere will be reduced by an amount which
increases with increasing turbulence. o

We can not make the interpretation a quantitative
one until more satisfactory methods are developed for

3
gz :-5\
3 Nt
. 2N
} ASES
é \ f"‘\‘

\‘.._7.
% 7] 26 30

8 22 )
Reyriolds Numberx (074
F1oUrE 7.~Critical Reyrolds Number of spheres (at which C, (fgs. 5and

6) 1s 0.9) 85 a function of the tarbulence

treating the phenomenon of separation with eddying
as well as laminar boundary layers. An approximate
semiempiricel treatment is given by Ono (reference 19)
but Tollmien (reference 20) questions the legitimacy
of the approzimations used.

MEASUREMENTS ON STREAMLINE BODIES

Having obteined a very good correlation between
measurements on spheres and the turbulence as meas-
ured by our hot wire anemometer and associated appa-
ratus, experiments were begun on streamline bodies.
The first model used was a bomb model known as
IT-Q-12 which we hed at hand. We were astonished
to find no large effect in view of the results on the
N. P. L. models in different wind tunnels, for we had
expected that generally similar results would be ob-
tained on all streamline bodies. The actual bomb
model departed in several apparently minor respects
from a good streamline body and we therefore made &
wooden replica without protuberances of any kind.
The shape of this replica is shown in Figure 8 and the
results of measurements of the air force at the five
measuring stations are given in Figure 9. These
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curves show certain systematic changes but practically
all of the points are within 10 per cent of a mean curve.
The forces were measured by swinging the model on
four wires arranged in two V’s from the nose and tail,
messufing the deflection at several wind speeds, the
weight, and wire lengths, and computing the total drag
of model and wires. The drag of the wires, amounting
to about 75 per cent of the drag of the model, was
computed, since we have found this procedure to give
accurate results. To minimize errors due to the cor-
rection for the wires, we have used the same wires at
all stations in the 4%-foot tunnel and in the 10-foot
tunnel. In the 10-foot tunnel, the model was hung
from an auxiliary frame supported in the wind stream.

469 17,
T-@-2
Area of crass-secfion Q0873 fi2
Length 16470 ¢
Max. diometer 0.3330 i

I <———

N.A.L. short model

Volume 0.0385 3

Volume) 0.2877 .2

Length 2.3340 .
a.35002 .

Max. dromefer

N.RL, long model

Volume . 0./1868 72
Volume)2 0.329/ .t
Lengtf 2.8600 #.
Mox, diormeter 0.3500 .

F16URE 8.—Longitudinal sectlons of bodies of revolution on which force measure-
ments were made

Care must be taken in the interpretation of curves
such as are shown in Figure 9. The observations are
made under such conditions that the forces and speeds
are subject to errors of roughly constant absolute
magnitude. The percentage error iz therefore much
greater at the lower speeds. Under these conditions
a plot of coefficients may prove misleading unless one
remembers continually that the experimental errors
are different in different parts of the diagram. We
estimate that the probable errors range from some
13 per cent at a speed of 20 ft./sec. to perhaps 2 or 3
per cent at a speed of 100 ft./sec.

No corrections havé been applied for pressure drop,
because we do not believe that the method of cor-
rection is as yet well established. We give neverthe-
less the data required for msaking the correction.
Table 111 gives the mean decrease in static pressure per
foot length divided by the velocity pressure for the
several stations, '
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TABLE III

Station Pressure drop
3Hoot_____ — - 0. 007
10-foot. - _______ —_— 002
41¢-foot, downstream section.__________ . 0035
414-foot, working seetion. .. __________ . 0075
44 foot, upstream seetion__..__________ . 0035

The volume of II-Q-12 is approximately 0.077
cubic foot and the area of cross section, which is used
in defining the drag coefficient for this model, is 0.0872
square foot. Hence the corrections for pressure drop
applied in the usual manner {o the coefficients of
Figure 9 are to be found by multiplying the values
of the pressure drop given in Table III by 000087772 or
0.885, giving 0.006, 0.002, 0.003, 0.007, 0.003, or
approximately 10, 8, 5, 12, and & per cent for the

HN—- —/gﬁ‘ ﬁ.mne/ wor-/rmgsecfmn, furbu/ence 0.5 §
D—-———- -
O £ ﬁ‘ funne/ abwnsfream sec:f/an " I 2%
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d————ay ~ =~ ,upsheamsectiorn, = 23%
.08
\ +*
\
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«\-..\ ot
-6 AR T >t 1,
. s vl AN
A S o 3'§°
.05]
04 :
a 20 0 &0 aa 190 12Q 40
&, 7. /5ec.
4] 210 420 630 840 1050 [260 [470
Reyrolds Number x 102

FicurE .—Drag coefficlents for [I-Q-12 wooden repHea. p=air density, =T
air speed, A=area of cross section (msximum section), Reymolds Num

L" where [ is the length of model, and » is the kinematic viscosity

several stations. The application of these corrections
would not change the conclusion that the effect of
turbulence is small compared with the magnitude of
the discrepancies found between the results on the
N. P. L. models in the several wind tunnels.

It was obviously desirable to pass immediately to
models which gave a larger drag coefficient in some
wind tunnels than in others and we accordingly con-

structed a wooden replica of the short airship model ;

used in the N. P. L. comparative tests. The results
of a large number of runs are shown in Figure 10.

Although it is difficult to accurately measure the small

forces, there is clearly a very large difference between
the measurements at the upstream and downstream

| sections of the 54-inch wind tunnel.

The variation
may be attributable in part to a change in the charac-
ter of the surface of the model or to & change in shape

é—-—lgﬁﬁmlw/ays‘ecﬁon,hrbu/erm%%
O 41T fmne/ dowrisireamsection, = L.2%
x--——--4/ « «  working secfion, « [B%
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a 293 588 880 1173 1465 (760 2053
Reynolds Nunber x 073

FiGCeE 10.—Drag coefficlents for wooden replica of N. P. L. short model, p=air

density, U,=air speed, Reynolds Nu.mber—-U—-;'t where [ Is the Iength of the
model, and » is the kinematic viscosity

of the model inasmuch as the tests covered & consider-
able period of time. To exclude this complication so
far as possible, arrangements were made to use the
U. S. Navy replicas of the N. P. L. models. The

3—-—/5;? furanel, wonkngxcﬁon furﬁu/ence%/zi
O———4 457 funne/ downsireom secfion, =~ L2%
X-onm—— 4}/@ ~  workirtg sectiory ~ LE%
t———ai ~ - ,upsfreom secfion, = 23%
028 Lk o — T
=
r |t .
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q et 'h, 4.1
020 3‘%""' 2 2
o Na ]k Lestr
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0, 7% fSec.
Q 283 588 880 (173 14685 1760 2053
Reyriolds Number s 0~
FI1GTRE 11.—Drag cosfficlents for metal replica of N. P. L. short model, p=air

density, U.-a.tr speed, Rernolds Number=y where [ is the length of the

model, and » fs the kinematic viscosity

i nominal dimensions of the models are given in Table IV
i and the form is shown in Figure S. The results of
messurements of the drag are shown in Figures 11

and 12. .
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FIGURE 12.—Drag ooefffolents for metal replica of N, P. L. long model, pmalr

density, U,=alr speed, Regriolds Numbar=-22 where { Is the length of the
model, and » Ig the kinematic viscosity

TABLE IV.—NOMINAL DIMENSIONS OF U. 8. N.
REPLICAS OF N. P. L. MODELS

Distance
8hort model | Long model
gﬁ;ﬁ mean radlns | meanradius
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We meay sum up the experimental results on the
effect of turbulence on the resistance of streamline
models by saying that some models show smaell effects,
others show large effects, and that the large effects are
confined to & certain range of values of the turbulence.
For example, the N. P. L. models show small effects
if the turbulence is less than about 1.3 per cent, large
effects if the turbulence is greater, the effect of in-
creasing turbulence being to increase the resistence.

We have then an explanation of the results of the
American tests on these models. The old variable
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density tunnel was very turbulent as indicated by the
low value of the critical Reynolds Number for spheres
(about 94,000, Cf. reference 21). In agreement with
this indication, the measured drag of the airship models
was greatest in the variable density tunnel. (Refer-
ence 3.) At the other extreme, the lowest values of
the measured drag of the airship models were obtained
in the 8-foot and 10-foot wind tunnels of the Bureau of
Standards, which have small turbulence. In the now
variable density wind tunnel the turbulence has been
greatly decreased (reference 23) and it would be ex-
ceedingly interesting to determine whether the airship
models now give much lower drag coefficients.

DISCUSSION OF MEASUREMENTS ON STREAMLINE
BODIES

The experimental results on airship models leave one
in a very confused state of mind as to the interpreta-
tion of.model experiments on airship hulls and as to
the explanation of the puzzling feature that the effects
are large only for some models over a certain range of
values of the turbulence. We do not desire to leave
the subject in this state and we believe that the
boundary layer theory as we have outlined it will
account for the observed facts. Because we are
handicapped by the absence of methods of exact
mathematical treatment, we can only give & discussion
based on rather crude mathematical approximations
with t.he hope that the reader will obtain some sug-
gestion as to how the observed results may follow from
the boundary layer theory.

Woe first determined experimentally that the phenom-
enon of separation does not enter. This was done by
placing a thin film of oil on the surface and noting that
there was no region of reversed flow. Wa therefore
expect that the form resistence will be small. In fact,
pressuies have been measured on & model which is
substantially the N. P. L. long model (reference 22}
and it was found that the form resistance was prac-
tically zero. In other words, the observed resistance
is due almost entirely to skin friction. 'We shall adopt
this assumption and attempt to calculate only the skin
friction.

" We propose to compute the skin friction of the
“oquivalent flat plate,” i. e. on a section of a two-

dimensional plane surface, the width of the section at

8 given distance from the front edge being equal to
the circumference of the model at the same distance
from the nose of the model, and the speed at a given
distance from the front edge of the plate being the
same as the speed computed by Bernoulli’s theorem
from the pressure distribution at the same distance
from the nose of the model. We shall identify the
sgkin friction on the equivalent plate with the resistance
of the model. The following assumptions are implied
in the above procedure.

1. No distinction is made between distences along
the surface and distances along the axis.
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2. The cosine of the angle between any surface ele-
ment and the axis is taken equal o unity.

3. The thickness of the boundary layer at a given
point is assumed small compared with the radius of
cross section of the model at the same point (obviously
not true far back on the tail).

4. The equations of two-dimensional flow are used.

For the computation of the point at which the flow
in the boundary layer changes from laminar to eddy-
ing, and for the computation of the skin friction on
the part of the surface for which the flow in the
boundary layer is laminer, we use the formulas of
equations 7 and 9. These are based on the use of a
linear velocity distribution in the boundary layer and
the integral relation of Karman.

For the computation of the skin friction on the part
of the surface for which the flow in the boundary layer
is eddying, we use equation 20 together with an assump-
tion made by Prandil (Reference 15) in connection with
skin friction on plates, namely, that the force is the
same as if the flow were eddying from the beginning.
If the flow were eddying from the beginning, the co-
efficient ¢,, for a surface of length [, in a stream of
speed U, would be given by

0.0

I
=g Uoz

1/. Wh R'l =

For a surface of length ;, the coefficient, ¢; is given by

& =01'20 ,7,‘4 where B;= U°II

Hence in the first case, we may find the desired average
coefficient, ¢, for that part of the surface between
and 3 (both [, and I; being measured from the nose)
by stating that the weighted average of ¢; and ¢ must

be e, or
0111 + C(Zz—ll) =6l
whence
1— ﬁ)""
Czln aly ls
L—1, =C 1_& (21)

We add another to our formidable list of assumptions
and approximations by not considering the variations
of the speed at the outer edge of the boundary layer
in this computation, taking the wind tunnel speed, Uy,
to compute ¢,.

We are now prepared to compute the skin friction
on the N. P. L. long model for wind streams of differ-
ing amounts of turbulence in accordance with the ideas
outlined in the section on eddying boundary layers,
namely, that to each degree of turbulence there corre-

sponds a different value of the critical Reynolds Num- |

ber of the boundary layer for which the flow changes
from laminar to eddying. The values of % computed

by Bernoulli’s theorem from the pressure distribution
given in Reference 22 are shown in Figure 13. We
prefer to write equation (7) as

where " 127: * )
K=—(T}T INCAES (23)
U,

We note that the Reynolds Number of the boundary

layer, R;, is

R=2-L [ F k=T \/ Y T
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FIGURE 13.—% a.nd(-%)' for N. P. L. long model computed from pressure
distribution of Referenca 22

Introducing R=Q:_l’ the Reynolds Number & of the
model, where [ is the length of the model, we find

%= UQ“ L34 (25)
Figure 13 shows a plot of (_Uq)a vsz. The value of K
was found by graphical integoration as a function of z,
and from the values of K, % as a function of x, which

is plotted in Figure 14. Equation (9) for the laminar
force coefficient may be written

U
oo L (T (26)
F \3UG$ [ -J‘K.

Ve shall eventually need the contribution to the force
coefficient, €, of the model defined in terms of (vol-
umse) ¥, for which purpose Cr must be multiplied by
the surface area, 4, of the model from the nose to the

I The reader shoald note the use of the length of the model instead of (volume)!”
In the definition of R. Tt will be approciated that the length gives & better basis of

, comparison.
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point z, and divided by (volume) *¥. As before, we
introduce the Reynolds Number of the general flow

and write -
5 7 v de
CrVR 4, _ [T4, f" Uo (@27)
(Vol) ¥ 3z Jo VK~
) 0
LT
4 / &
(GeAx [ Vol IVE: .
3 L oo
% AR 3
Y
o g 3
2 7 4 g‘
/. N
rd
/ 2
/)
Y% 4 8 iz 16 20 =24 ¢
2, 1%,
FIGURE 14.—_‘;% and (sﬁﬁfn VR for N. P. L.long model. Ry is Reynold

Number of boundary layer &t & distance r from fhe nose, R is the Rey-
nolda Number of the body, Cr Is the average laminar coeffiofent of frie-
tlon, A, Is the surface area of the model from the nose to the point
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This quantity, which is to be divided by +E to give
the laminer contribution to the total force coefficient,
is plotted as a function of x in Figure 14.

We next compute a table showing the laminar con-
tribution to the total force coefficient for varying R
and z, a table showing the contribution of the surface
between z and I for which the flow is eddying (com-
puted from Equation 21 by multiplying ¢ by the sur-
; face area and dividing by (volume} ¥} for varying
R and z, and finally a table of computed total force
coefficients (adding corresponding entries in the first
two tables) for varying R and z. Parts of these tables
for the N. P. L. long model are given in Tables V, VI,
and VII. Table VII permits the easy calculation of
the total drag coefficient, when the point at which the
flow changes from laminar to eddying is known. If,
for example, the change always occurs at a fixed point,
values are taken from the horizontal line corresponding
to that point.

Assuming the change from laminar to eddying flow
to occur when the Reynolds Number, Rs, of the bound-
ary layer is equal to 1,500, 2,000, 2,500, 3,000, and
3,500 we find z from Figure 14 and compute the curves
shown in Figure 15. The computations for Rs equal
to 1,500 and 8,500 are shown in part in Table VIII.
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TABLE V—LAMINAR CONTRIBUTION TO TOTAL FORCE COEFFICIENT, N. P. L. LONG MODEL

1t | Bpeed, Ue ftfsec._......... i0 20 30 @ . 5 80 70 80 % 100
Roynaids Ni Rxitd....] 180 360 540 70 900 1080 1260 1440 1820 1800
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TABLE VI—EDDYING CONTRIBUTION TO TOTAL FORCE COEFFICIENT, N. P. L. LONG MODEL

10 80 90 1 100

21t | Speed, Us, thfsee—— oo 10 20 30 40 50 60
ﬂk » Bxlo. ...y 180 360 540 720 800 1080 1260 1440 1620 1800
0. 10 0043 [ 0041 0.0378 0.0359 0342 0. 0329 0. 0319 0. 0309 0. 0304 0. 0298
- - 0460 - 0400 . 0360 . (350 .33 - 0320 L0311 . 0302 . 0297 - (290
2. - 0450 . 0301 . 0360 - (342 . 0826 .12 . 0304 - 0204 - 0294 - 0283
3. - 0428 0872 . 0342 . (326 1381 058 N . 0281 - 0276 020
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TABLE VII—TOTAL FORCE COEFFICIENT FOR N. P. L.

LONG MODEL, WITH FLOW CHANGING FROM

LAMINAR TO EDDYING AT POINT =z
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TABLE VIIL—COMPUTED DRAG COEFFICIENTS,
N.P.L. LONG MODEL, WITH CHANGE FROM LAMI-
NAR TO EDDYING FLOW IN THE BOUNDARY
LAYER DETERMINED BY R;=1,600 AND 3,500

. Ry=1,500 Ry=3,500
i R
By E i Cs g T G
I % ((Fl5. 14) (Table 7} % |(Fig. 14) (Table 7)
I
. ©0, 000 500 2.6 0. 0321 11. 65 0.0313
L 180, 000 3.5 2.00 0278 8.25 0221
360, 000 2.5 .95 0337 5.82 «0157
i &40, 000 2.04 .75 0326 478 28 . 0138
! 20,000 | L6 .61 . 0320 412 228 .0137
| 900,000 , LG8 .62 0314 e 2.08 0141
1,080,000 , l1.44 A4 . 0807 8,37 L& 0147
1,260,000 . 1.34 .40 0301 312 L& . 0180
1,440, 000 L2 .36 <0294 .91 L2 - 0205
1, 820, 000 118 .33 <0202 75 LoOv 0214
1, %0, 000 L1 .31 0287 2.61 L00 L0215

Figure 15 gives a general survey of the computed
coefficients over & wide range of Reynolds Number.
The curves (straight lines on the logarithmic plot) for
completely laminar and completely eddying flow are
shown as the limiting cases. In addition two dotted
lines are drawn to show the curves that one obtains
for the flow changing at a definite position on the
model. The part of the curves for Reynolds Numbers
up to 2.5 x 10° that we have covered in our experi-
ments, is replotted in Figure 16 on a nonlogarithmic

| plot for direct comparison with the experimental
| results given in Figure 12.

A comparison of Figures 12 and 16 shows a general
agreement in order of magnitude of the forces and in

i shape of the curves, except for the three lower curves
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of Figure 12 below 50 ft./sec. In order to account for
the observed shape of these curves and in view of other
evidence that will be presented later, we have been led
to the assumption that the flow soon becomes eddying
behind the maximum ecross section or speaking more
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Fiaurx 186,—Reproduction of & part of Fignre 15 on s nonlogarithmie scale with
additlongl curves for transition from Iaminar te eddying flow at speci.ﬂed dls-
tances from the nose

exactly that the contraction of cross section introduces
turbulence, producing the same effect ag any upstream
turbulence on the flow. We do nof, think it unreason-
able to suppose that the necessary contraction in ecir-
cumference and increased thickening of the
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point reaches 3,500 as indicated by intersection with
the curve for R;=3,500. We then follow the curve
for R;=38,500. A consideration of Figure 16 on which
several curves for different points of transition are
dotted in will show how the experimental curves can
be fitted by a proper choice of point of transition curve
and R;=constant curve. The transition from one
curve to another is undoubtedly not as sharp as indi-
cated by this simple analysis.

There is one other feature of the curves of Figure 12
not yet accounted for, namely, the fact that for turbu-
lence below about 1.3 per cent, there is apparently no
effect of turbulenca. Weé believed at first that this was
caused by the disturbance from the supporting wires
at the nose introducing a turbulence of approximately
1.3 per cent, so that although the turbulence of the

. air stream was reduced below this amount, the bound-

ary layer was always subject to the apprommately
constant turbulence introduced by the wires. If this
interpretation is correct we should be able to obtain
-lower coefficients in the 3-foot wind tunne! by elimi-
nating the disturbance at the nose. Tigure 17 shows
the results obtained by mounting the wooden replica
of the N. P. L. short model on & tail spindle similar
to the sphere mounting (fig. 4), compared with results
on the same model and tail spindle with the front V
at thenose. The effect is not large although the results
with the V at the nose are somewhat higher and scatter
more than those with all wires behind the model.

boundary layer resulting from the reduction "9 , [ ' J

ili cross sec:li]gn of df;he, _l;odgﬂ doezhn:tttilake 034 XAl wires beting madel -0 Frontwires at pose

place smoothly and uniformly; that there o

is a folding or wrinkling of the layer which ,03,3%‘

produces disturbances of the same nature \

as the turbulence of the wind tunnel air .0301—

streem. Let us trace through on Figure &r ™\ o
15 the consequencesof such an assumption. %9 e .

We suppose for simplicity that at the point 028 Y . o e LA
z=1.9 feet which is some distance behind * R o d e _oﬁ__k.?."-”&

the maximum cross section, turbulence o4 e = 2 S o —~

arises which would cause a change from of|™o e

laminar to eddying flow at a Reynoldg Num-~  .gz2

ber of the boundary layer, R;, 0f¢2,000.

We suppose further that the turbulence of 020572 80 70 80 9 100 10 20 130 Mo /0 @0

the wind tunnel air stream corresponds to
an R; of 3,500. Beginning at low values
of the Reynolds Number of the body, i. e.
at the extreme left, we have laminar flow tlon s made
throughout and follow the line of laminar flow. As
soon as we strike the curve for B;=2,000, the fow
becomes eddying on a part of the tail and we follow
the curve for R;=2,000 (the point of transition moving
forward) until we reach the line corresponding to the '
point of transition, =1.9, the lower of the dotted lines. °
The point of transition then remains stationary, and I
we follow the dotted line for 2=1.9 until R; at this |

. nose.

#/sec.

FiGure 17.—Eflect of nose suspension of the wooden replica of the N. P. L. short model snd tajl
spindle on the drag coefficient. The values are higher than those of Flgure 10 because no corres

for the effact of the tail spindle

The other possible explanations are of the same
nature, for example, that turbulence is set up

! by the fore-and-aft oscillation of the model, or as

van der Hegge-Zijnen has suggested (reference 11)
that some turbulence is set up by the form of the
"We have not as yet examined these possi-
b]htles, and must leave the matter open at the present
time,
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Calculations similar to those outlined for the N. P. L. i be introduced and the resistance will be sensibly in-
long model were made for the short model and for ; creased. Wires of different diameters produce differ-
II-Q-12, the pressure distribution being obtained ! ent degrees of turbulence and even when the wire is
experimentally in the 3-foot wind tunnel. It is | placed in a region of eddying flow, there will be a slow
unnecessary to give these computations in detail. It | incresse of resistance with increasing diameter of the
was found that curves very similar to those of Figure | wire due to the resistance of the wire itself. Returning
15 with just as much spread were obtained. This | to Figure 15, suppose & wire placed at z=0.5 foot of

result, not in accordance with the experimentel results | such diameter as to produce a turbulence corresponding

on IT-Q-12 (fig. 9), showed that the nature of the :
pressure distribution could not account for the small ;

effect of turbulence on IT-Q-12. We were forced to
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FIGURE 18.—Drag coefficient for wooden replica of N. P. L. short model
with wire rings 0.23 foot aft of nose. Figures on the curves give the
diameter of the wire used to make the ring

some other explanation and were led finslly to the
hypothesis slready referred to, that the turbulence was
introduced by the diminishing cross section of the body.
The distinguishing feature of II-Q-12 causing it to be
much less sensitive to changes of turbulence was seen
to be the very forward position of the maximum cross
section. Referring to Figure 16, for example, if at
2=0.5, corresponding to the upper dotted line, turbu-
lence is introduced giving an E; of 1,500, all of the
observations must lie between the curve B;=1,500, the
dotted line, and the upper line for completely eddying
flow.

To obtain some further evidence that the diminution
of the cross section introduced turbulence, experiments
were made in which wire rings were placed around the
model at several positions. The theory of these experi-
ments is that if the wire is placed in a region where the

flow is already eddying, the effect on the resistance of !

the model will be small, whereas if the wire is placed |

in a region where the flow is laminar, turbulence will |
41630—31—12
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FIGURE 19.—Drag coefficient for wooden replica of N. P. L. short model
with wire rings 1.12 feet aft of nose

to R;=2,500. Suppose further that the turbulence of
the wind tunnel corresponds to B;=3,500 and that at
z=1.9 feet, owing to the diminishing cross section, &
turbulence corresponding to B;=1,500 is introduced.
The resistance coefficient would follow the curve R;=
1,500 to its intersection with the curve for transition at
1.9, follow the latter to its intersection with R;=2,500,
follow R;=2,500.to its intersection with the curve for
transition at =0.5, follow this curve to its intersec-
tion with R;=3,500, and finally follow B;=3,500. The
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Ficurx 20,—Drag coefficient for wooden replica of N. P. L short modet
with wire rings 1.63 feet aft of nose

Reynolds Numbers covered by our experiments do not
permit the tracing of the last two stages.

Some results for the wooden replica of the N. P. L.
short model are given in Figures 18, 19, 20, and 21.
Figure 18 shows that rings on the nose give curves
similar to those obtained in wind tunnels of different
degrees of turbulence. Figures 19 and 20 show that
wire rings behind the maximum cross section give rela-
tively small effects. The cross plot of coefficient
against wire diameter for a speed of 80 ft./sec. shown
in Figure 21 shows the matter somewhat more clearly.
The sharp rise in the curve for r=0.23 foot is inter-

b
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preted as due to the effect of the turbulence set up by
the wire. The slower rise is attributed to the increas-
ing resistance of the wire itself. _

Figures 22, 28, and 24 give the results of similer
measurements on IT-Q-12. Here also, the effect of
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FIGURE 21.—Drsag coafflclent for wooden replica of N, P. L. short model
at an alr speed of 80 ft./sec. with wire rings of varying diameter and
position on the model. zr=distancs of ring aft of nose
wire rings behind the maximum diameter is small and
the effect of nose rings is similar to the effect of in-
creasing wind tunnel turbulence.
The use of wire rings has been suggested for routine
measurements for the purpose of producing eddying
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FIGURE 22,—Drag coefficlent for wooden replica of II-Q-12 model with
wire rings 0.164 foot aft of nose

flow such as exists at high Reynolds Numbers. We
may state the following conclusions as to this pro-
cedure. A wire approximately 0.015 inch in diameter
is required to give the full effect of a very turbulent
air stream. The wire should be placed well forward

. with those found in fiow in pipes.
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in the region of reduced speed. (Not less than 0.2 foot
from the nose on the N. P. L. long model, for example.
See Figure 13.) 'The wire should have relatively little
effect in an air stream that is already turbulent.

In closing this discussion of results on streamline
bodies, we wish to exhibit a set of curves, Figures 25,
26, and 27, computed by the methods previously out-
lined for the three stations in the 4%-foot wind tunnel
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FIaurx 23.—Drag coefficlent for wooden replica of II-Q-12 model with
wire rings 0.97 foot aft of noss
in comparison with the experimentally measured curves.
We have adopted for each model a point at which we
assume turbulence to be introduced by the diminish-
ing cross section, and for each station a value of B;
characteristic of the turbulence there present. We
may remark that the values of R; are not inconsistent
The speeds ob-
tained from the pressure distribution are undoubtedly
of reasonable accuracy, but the assumption of a linear

/
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F1eUuRE 24.—Drag coeflicient for wooden replica of I1-Q-12 model at an
alr speed of 80 ft.fsec, with wire rings of varying dlametor and position
on the model. z=distance of ring aft of nose
distribution in the boundary layer gives too small a
thickness. In the case of skin friction on plates, equa-
tion (10) shows that this approximation gives a thick-
ness only 63 per cent of the value obtained by the pre-
cise computation. Hence, instead of 2,320 as the low
value of the Reynolds Number, we have a smaller value.
These curves should not be taken too seriously, al-
though the agreement is better than could reasonably
be expected. The assumption of discontinuous changes

12

on the model, but probably not so far forward as to be

in the type of flow, the omission of the form resistance
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Fratre 25.—Comparisen of computed and observed drag coeficlents on N. P. L. short model
Curves U , 43¢-faot tunnel, npstream section, Ry for fransition assumed 1,350,
Curves [, 414-foct tunnel, working sectlon, R; for transition assumed =2,000.
Curves D, 414-foot tunnel, downstream section, Ry for transition assumed 2,750,
Turbulence due to diminiching cross section assumed introduced at r=1.4 feet.
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that msay be present to some extent, and the crude
approximations that have been made are not intended
to be accurate pictures of the actual phenomena, which
are extremely complicated. We hope that the discus-
sion has been suggestive and we believe that the major
features are in some degree correct.

REMARKS ON AIRFOILS

The aeronautical engineer will naturally ask why
no experiments were made on airfoils. The reason is
threefold. First, experiments in the same wind tun-
nels showing large effects on airship models showed
small effects on an airfoil model. Second, from the
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are to be expected with the scale efiect curve showing
& minimum followed by a region of increasing coeffi-
cient. Further, since separation is delayed by in-
creased turbulence, a somewhat smaller maximum lift
coefficient may be expected in the new variable den-
sity tunnel. We do not know whether any such
effects have actually been found. It may prove that
they are entirely negligible.
CONCLUSION
STATUS OF WIND TUNNEL STANDARDIZATION

It will now be appreciated that wind tunnels can not
be standardized in the sense originally intended. It -
is not possible to determine one or more correc-

tion factors by means of which resulis on & new
model may be corrected to be comparable with

08

the results of some standard tunnel. It is pos-

07 S\

sible, we think, to assign & characteristic number
to each tunnel, such that wind tunnels having

the same characteristic number will give compar-
able results. This characteristic number will be

the measured turbulence or, more conveniently,
the Reynolds Number for which the sphere drag

.06

CA . ‘\ i — v
L 3 \
.05 : ~

coefficient is 0.3.

The only real standardization that could be
made would be accomplished by insisting that
all wind tunnels be constructed so as to have the
same turbulence. Strange to say there is someo

difficulty in agreeing on the ideal amount of tur-
bulence. It appears to us self-evident from the

04

scientific point of view that the idesl is zero tur-
bulence. But the practical engineer replies that

the curves of Figure 15 for a tunnel of small tur-
bulence can not be extrapolated from the usual

-0%; Z0 40 80 /00

60
U, f/sec.

meu: 27—Comparison of computed and observed drag coefficlents on wooden replica of

17-Q-12 model
Curves U 41}4-foot tunnel, upstream section, Ry for transition assumede1,250.

Curves }<, 434-foot tunnel, working section, R for trensition assumed =2,000,

Curves D , 4¥i-foot tunnel, downstream sectlon, Ry for transltion assumed =2,750.
Turbulence due to diminishing eross sectlon assnmed introduced &t z=0.5foot.

/20 model range to give the value at a high Reynolds

Number, whereas the curves for very turbulent
wind tunnels can, at least epproximately. IEx-
pressed physically, the flow about the model in a
turbulent wind tunnel at low Reynolds Numbers
is more like the flow about the model at high
Reynolds Numbers in a nonturbulent stream

'dlscussmn on airship models, 1t will be seen that small | . " than is the flow in a nonturbulent tunnel at low

effects are to be expected in an ordinary wind tunnel.
While Figure 15 was computed for the N. P. L. long
model, curves of the same general nature were found

curves differed considerably. For airfoils the Rey-
nolds Numbers are small because of the short length.
Furthermore the skin friction is only a part of the total
drag. Third, the experimental difficulties of dis-
tinguishing small effects when testing at several loca-
tions and in wind tunnels of different size with port-
able balances are very great. It may be expected,
however, that at larger Reynolds Numbers, for ex-
ample, those obtained in the variable demsity wind
tunnel, the effects of turbulence might be distinguished.
The general nature of the effect is easily predicted.
We might expect first to find differences in the mini-
mum drag coefficient. In the new variable density
tunnel, which has less turbulence, lower coefficients

i Reynolds Numbers. One answer is & variable den-
sity tunnel of low turbulence. Another, less satis-

_ factory, is the judicious use of wire rings on the model
for other models for which the pressure distribution ,

to stimulate artificial turbulence, a controllable proc~
ess in the nonturbulent wind tunnel as compared to
the use of the turbulent wind tunnel, in which the
turbulence can not readily be reduced.

We conclude by stating that turbulence is & variable
of some importance at all times and that the careful
experimenter will desire to measure and state its value
in order that his experiments may be capable of
interpretation.
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APPENDIX

MODIFICATIONS OF APPARATUS FOR MEASURING
TURBULENCE

Since the publication of Technical Report 320, the
apparatus there described for the measurement of
turbulence has undergone several important modifica-
tions, which we wish to describe. We have called
attention in Technical Report 320 to the fact that the
celibration of the hot-wire snemometer was very
unstable, the calibration often changing so much
during the course of an afternoon that all observa-
tions had to be discarded. We now believe that a
large part of the instability was due to the use of soft
solder for attaching the wire to its holder. e believe
that the wire was held mechanically without intimate
contact so that contact differences of potential were
alweys present. At any rate we find a spot welding
method used by our atomic physics section much more
satisfactory in that the changes in calibration of the
wire with time are very markedly reduced. The spot
welding is done by holding the wire against its steel
support by a copper electrode and momentarily passing
the short circuit current of a stepdown transformer
(110-volt primary, 11 to 1 ratio, I Kva rating) through
the electrode and support. The tapping of a key in
the primary circuit sends & rush of current through the
contact between copper and steel which develops a
temperature great enough to melt s little iron around
the platinum wire. The copper electrode does not
melt and stick to the wire because of its greater heat
conductivity.

The second modification introduced is the use of &
12-volt heating battery instead of the 120-volt battery
line, en absolutely essential modification if the appa-
ratus is to be af all portable. The effect of this change
is to make the fluctuation of the heating current during
the speed fluctuations of appreciable magnitude so
that the calibration curves for constant heating cur-
rent can no longer be applied directly. It is neces-
sary to modify the method of computing the speed
fluctuation from the observed voltage fluctuation. As
we are most interested in small fluctuations such as

occur in wind-tunnel air streams in the absence of a
model, we may consider the calibration curve linear
over the interval in question and use the process of
differentiation. The calibration curve of the wire
according to equation (3) of Technical Report 320 is

PRRya__
F-R, ~EtC{T

where R, is the resistance of the wire at room tempers-
ture, R is the resistance of the wire when heated in
an air stream of speed, T, by & current, 1, « is the tem-
perature coefficient of resistance, and K and C are
constants. Differentiating this expression, permitting
1 and R to vary, we have

2R Ry TR’ cd Ul

TR G- gyiB- 2T

To connect di and dR, we have the relation
12=1 (B+7)

where 12 is the battery voltage and r is the resistance
of the heating circuit, excluding that of the wire.

Hence
—1*dR
12

and we find on substitution, setting tdR=dE, the
meagured voltage fluctuation, an approximation which
is very close:

dUs___ 2 [iBfa  1#RBa

T~ " OyT,LE=Ry s B-B;

The second term in the bracket represents the correc-
tion for the variation of the current.
A typical run at the working section is given in

o3
Table IX. Cis obtained from the plot of > REya

B-R,
+YUs (not shown) as 0.000151. Al computations are
made by slide rule with sufficient accuracy. It is
seen that the correction for the current variation is

from 5 to 15 per cent.

d1.— dR—

dE.
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TABLE IX.—~METHOD OF COMPUTING SPEED FLUCTUATION FROM VOLTAGE FLUCTUATION
[Rym3.750 ohns, «=0.0037, resistance of leads to wire, 0.527 ohrus, mean heating current, 0.2 ampere)

Alr
“speed, E \(Rileads| B2 | R~R 1 alh
2 | VT | (roty | “oma” | oitns | Chrng A B b D+gB | F aE 3
{t.fse0. .
20.0 | 490 | L4s2 | 718 | o3 | 2888 | o.0001922 | o001z | o.00:20 | o.oom462 | 0.395 | c.o0411 | o.0162
8.3 | 550 | L2366 | 688 | 6308 | 2588 2173 1069 160 1804 | 430 350 | .01
.0 | 08 | Las | eors | o088 | 2 214 1480 1670 a2ig | 483 16 | .18
s | e Losr | €835 | 5es | 208 2608 1565 253 e | lom 206 | 0188
824 | T2 | L2490 | &2 | K678 | 1928 2883 1638 212 084 | 1565 ~0182
o4 | 788 | L214 | e07 | K&48 | 1708 5004 1736 3230 3516 | 898 253 | .ol
67.2 | 820 | L1905 | 5975 | 5448 | 1698 5267 179 3607 La3t 243 | 0188
726 | 852 | Liss | 593 | 5403 | Less 3266 1814 3805 407 | o8 283 | 10149
Mesan 0. 0155
R
A=E R
nPRR=
R=Fh -
7

F'ﬁa (.D+% B)

The third modification is the use of a resistance-
condenser-coupled amplifier instead of the direct
current amplifier. With the direct current amplifier
considerable difficulty was experienced from drift and
consequent change of amplification factor owing
to operation at different points on the tube character-
istic curves., By using very large condensers as
coupling condensers, it is possible to pass very low
frequencies. We have used high grade mica con-
densers, each condenser having a capacity of 2 micro-
farads. In conjunction with 1 megohm grid leaks,
the time constant of the coupling circuit is 2 seconds.
We shall state without proof that the computed errors
for a frequency of 1 cycle per second are of the order
of 1 per cent in amplitude and 5° in phase.

The operation of this amplifier has been found very
satisfactory. Adjustments are required infrequently
and the measured amplification factor remains constant
for long periods. It is of course necessary to use
alternating current for measuring the amplification.
We have been able to use a single reversing commu-
tator by replacing the inductance of the compen-
sating circuit by an equivalent resistance. The
same alternating current instrument may then be
used in the potentiometer circuit and in the output
circuit so that the errors due to the rectangular wave
shape are small,

One feature of the amplifier which is occasionally
troublesome is the fairly long time required for the
effect of transient disturbances to disappear, i. e. the
effect of adjustments, of a gust of wind in the outdoor
tunnel or of a variation in the line voltage. It is
only on rare occasions that the transients are so fre-
quent that measurements are not possible.

We may state again the frequency range covered.
The lower limit for errois of the order of 1 per cent is
about 1 cycle per second. The upper limit is fixed by
the functioning of the compensating circuit and is

about 100 cycles per second. While even at 500
cycles per second the errors computed from the theory
of the compensating circuit are not large, the effect
of the distributed capacity of the large inductance in
the compensating circuit enters to increase the error
and we therefore state the useful frequency range as
1 to 100 cycles per second.

The fourth modification of our apparatus is the sim-

plification of the accessory circuits and of the general

arrangement.  Figure 28 shows the wiring disgram
of the modified arrangement. A photograph has
already been given in Figure 3. We have made use of
jacks and plugs to simplify the switching arrange-
ments. Beginning at the upper right-hand corner of
the wiring diegram (fig. 28) we have a standard cell
connected to an open jack. To the left of this circuit
is the heating circuit. Potential leads from the wire
and from the manganin resistance used for accurate
measurement of the heating current are taken to
open jacks. To the left of the heating circuit is the
potentiometer circuit, the balancing eircuit of which
ends in a plug. The potentiometer plug may be placed
in the standard cell jack to measure the voltage of the
potentiometer battery; in the hot-wire jack to measure
the mean voltege drop across the wire; into the current-
mesasuring jack for determination of the heating cur-
rent; or into the input jack of the amplifier to calibrate
the amplifier. The circuit consisting of two plugs and
a closed jack at the extreme left is used to pass on the
voltage fluctuations to the amplifier. After the mean
voltage drop has been balenced by plugging the poten-
tiometer into the hot-wire jack, the potentiometer
plug is withdrawn and placed in the jack of the auxil-
iary circuit. One plug of the suxiliary circuit is placed

in the hot-wire jack, the other into the input jack of

the amplifier. The connections are so arranged that
only the fluctuations of the voltage about the mean

' value are impressed on the amplifier.
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The amplifier circuit is shown below the accessory | 3. Higgins, George J.: Tests of the N. P. L. Airship Models in

circuits in Figure 28. Attention is called only to the
special features, namely, the use of separate A and B
batteries for the power stage, the subdivision of the
plate resistance in the first stage for varying the ampli-
fication by a factor of one-fourth, one-half, or three-
fourths, and the special compensating circuit. Al
of these features are discussed in Technical Report 320.
There are omitted from the wiring diagram several
battery switches, jacks in each plate circuit by means
of which plate currents may be checked and stages
omitted to reduce the amplification, the plugs and
jacks between the compensating inductance and the
amplifier and between the milliammeters in the out~
put circuit and the amplifier, and a switch for removing
the inductance during calibration of the amplifier.
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FIGURE 28, —~Wiring disgram of modified amplifier and accessory clreulis

e believe that with these modifications results are
more sccurate, end we know that operation is more
convenient. While Table IX shows a variation from

the mean value of dg° of only 0.0006, we have ob-

served larger differences and for the present can nof
guarantee values to better than 0.002 as previously
stated.

BUREAU OF STANDARDS,
WasaINgTON, D. C. August 20, 1929.
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LIST OF SYMBOLS

u=tangential component of the velocity of the
fluid at any point in the boundary layer.
v=normal component of the velocity of the fluid
at any point in the boundary layer.
U=speed of the fluid at the outer edge of the
boundary layer.
Us=speed of the fluid at a great distance, 1. e., the
wind tunnel speed.
g=U—u=speed of the fluid at any point in the
boundary layer relative to the speed at the
outer edge.
z=distence measured from the leading edge o:
nose along the surface in a plane parallel to
the wind direction. '
y=distance measured normal to the surface.
= thickness of boundary layer.
r=radius.
D =diameter.
{=overall length of body.

a DA . .
A= 4 =maximum area of cross section taken nor-

mal to the wind direction.
Ay=total surface area from the nose to a distance
z from the nose.
F.={orce per unit breadth across the stream,
F,=1orce per unit area at any point.
F,=average force per unit area.
p =static pressure.
p=density of the fluid.
C.m Force
1 30 AU
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u=viscosity of the fluid.
v=p/p=Kinematic viscosity.

R =%l =Reynolds Number of the general flow.

R.=¥=Reynolds Number of the boundary layer.

__F, e .
C’p_— R or io Uo,—force coefficient based on

area.

O”=1/2 p%}iﬁm U05=force coefficient based on

volume.
¢1, ¢s="force coefficients for skin friction on flat plates
of lengths /; and /; in turbulent flow.
c¢={force coefficient for skin friction on that part of
the surface of a plate of length &y (the overall
length of the plate) between z=I; and the
rear edge.

I= f o U dz
Appendix

R, =resistance of wire anemometer at room tempera-
ture.
R =resistance of wire anemometer when heated by a
-_ current, 1, in a stream of speed, U,

t=heating current.
a=temperature coefficient of resistance.
r=resistance of the heating circuit excluding that
' of the wire.

E=voltage drop across the wire and leads.



